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ABSTRACT 
Acoustic and articulatory recordings reveal that speakers utilize systematic 
articulatory u·adeoffs to maintain acoustic stability when producing the phoneme 
!tJ. Distinct articulator configurations used to produce /r/ in various phonetic 
contexts show systematic tradeoffs between the cross-sectional areas of different 
vocal tract sections. Analysis of acoustic and articulatory vmiabilities reveals that 
these tradeoffs act to reduce acoustic variability, thus allowing large contextual 
vm·iations in vocal tract shape; these contextual vm·iations in turn apparently 
reduce the amount of articulatory movement required. These findings contrast with 
the widely held view that speaking involves a canonical vocal u·act shape target for 
each phoneme. 
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1. Introduction: The targets of phoneme production 
It has long been recognized that the production of a speech sound, or phoneme, 
involves the generation of an appropiiate acoustic signal. In other words, some 
form of "acoustic target" is either explicitly or implicitly utilized at some level in 
the speech production process. In the speech production modeling literature, it has 
also been traditionally assumed that the production of a phoneme involves a target 
shape of the vocal tract. For example, Henke (1966) and MacNeilage (1970) 
hypothesized that phoneme production involves the achievement of target spatial 
positions of the speech articulators. That is, to produce a particular phoneme, the 
speech motor control system simply moves each articulator toward a target 
position specific to that phoneme, and when the articulators have all reached their 
target positions, the vocal tract is in an appropriate shape for producing the 
phoneme. To explain motor equivalence phonemona such as bite-block speech, 
Lindblom, Lubker, and Gay (1979) suggested that, instead of the positions of 
individual articulators, the target for a phoneme is a vocal tract area function that 
might be achieved with different combinations of the positions of individual 
articulators. A prominent recent theory of speech movement control, the 
task-dynamic model (Saltzman and Munhall, 1989), hypothesizes that production 
involves the achievement of a target set of vocal tract constiictions for each 
phoneme, and the model of Guenther (1995a) extended this to target regions, 
rather than points, within a constiiction-based reference frame. 
According to all of these theories, then, production of a phoneme involves some 
kind of canonical vocal tract shape target for that phoneme 1. This viewpoint has 
also influenced the fields of speech perception and phonology, serving as the basis 
of the motor theory of speech perception (Liberman, Cooper, Shankweiler, and 
Studdert-Kennedy, 1967; Liberman and Mattingly, 1985) and articulatory 
phonology (Browman and Goldstein, 1990a,b). 
Of course, ary viable theory of speech production must account for the fact that 
some variability occurs in speech and is therefore presumably tolerable for both 
listener and speaker. Vocal tract shape target theories generally attribute variability 
in vocal tract shape for a particular speech sound to one of the following sources. 
First, the motor system may intentionally undershoot movements toward the target 
shape for a sound, particularly during rapid speech. For vowels, this undershoot is 
1. 111is is not to say that tl1e canonical vocal tract shape target necessarily specifies the shape of tl1e 
entire vocal tract. It is often assumed tl1at only key portions of the vocal tract are actively controlled 
(e.g .• Saltzman and Munhall, 1989; Guentl1er, 1995a). FurtllCnnore, a phoneme's target shape may 
vary witl1 time, e.g. for diphthongs and glides. 
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often refen·ed to as "vowel reduction". Second, coarticulation or coproduction 
(Fowler, 1980; Ohman, 1966, 1967), usually involving portions of the vocal tract 
that are not actively controlled for the current sound, can deform the vocal tract 
shape for the current sound away from its canonical target and toward the targets 
for neighboring sounds. Finally, variability may arise due to unplanned 
"sloppiness" in the production process. For example, incomplete compensation for 
inertia dming rapid speech may lead to overshoot or undershoot of the desired 
vocal tract shape. 
In contrast to vocal tract shape theories, several recent theoretical considerations of 
speech motor behaviors have posited that the speech production process may 
involve only canonical acoustic or auditory targets, without any cotTesponding 
vocal tract shape targets2 (e.g., Guenther, 1995b; Guenther, Hampson, and 
Johnson, 1997; Perkell, Matthies, Svirsky, and Jordan, 1993, 1995; Perkell eta!., 
1997; Savariaux, Penier, and Orliaguet, 1995a; Savariaux, Penier, and Schwartz, 
1995b; see also Johnson, Ladefoged, and Lindau, 1993). A computational 
approach that explicates how the motor system can produce speech movements 
utilizing only acoustic targets has been embedded in the DIY A model of speech 
production (Guenther, 1995b; Guenther eta!., 1997). This model utilizes a control 
scheme that is related to Jacobian pseudoinverse control techniques from the 
robotics literature (Baillieul, Hollerbach, and Brockett, 1984; Klein and Huang, 
1983; Liegeois, 1977). For the cun·ent purposes, it suffices to note that a Jacobian 
pseudoinverse is a matrix that can be used to transfonn desired velocities in a 
planning space (e.g., fonnant velocities) into velocities in the effector space (e.g., 
articulator velocities) that achieve the desired planning space velocities. A 
controller that utilizes a patticular pseudoinverse, the Moore-Penrose 
pseudoinverse, will use the least amount of atticulatory movement possible to 
follow a straight line to the target in planning space coordinates (e.g., Klein and 
Huang, 1983). When moving to the same acoustic target starting from different 
articulator configurations (such as when the same phoneme is produced in 
different phonetic contexts), this type of controller will generally end up in 
different articulator configurations at the point where the acoustic tm·get is 
reached. In other words, the canonical acoustic target for the phoneme is not 
associated with any canonical vocal tract shape target; instead, different voca1 tract 
2. From this point on, we will use the term "acoustic target theories" to refer to theories positing 
that the canonical targets of speech production are more closely related to the acoustic signal or its 
representation in the auditory system than to vocal tract shapes, although some authors have pre-
ferred tlte terms "auditory" or "auditory perceptual" in describing these targets (e.g., Guenther et 
al., 1997; Savariaux et al .• 1995a.b). 
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shapes will be used to achieve the same acoustic result in different phonetic 
contexts. 
A major difference between constriction and acoustic target theories is that the 
latter allow for the existence of trading relations between constrictions to achieve 
stability in the acoustic signal. Assume, for example, that narrowing either of two 
constrictions at different locations along the vocal tract has the same effect on an 
important acoustic cue for a phoneme. If the speech motor system utilizes an 
acoustic target without a corresponding constliction target for that phoneme, then 
in different phonetic contexts, the motor system could use different combinations 
of the two constrictions to achieve the same acoustic effect; this would appear as a 
negative covariance between the sizes of these two constrictions across phonetic 
contexts. This added flexibility in choosing a vocal tract shape for a sound can 
allow the motor system to decrease the effort required to move the articulators by 
utilizing the constriction combination that is most easily achieved in the current 
phonetic context. As discussed above, pseudoinverse-style controllers that plan 
movements in acoustic space possess this property. In contrast, constriction 
theolies do not predict systematic tradeoffs between constrictions to reduce 
acoustic vruiability. 
Recent expeliments have investigated the trading relations issue (de Jong, 1997; 
Perkell et al., 1993; Perkell, Matthies, and Svirsky, 1994; Savruiaux et al. 1995a), 
but the results have been inconclusive: some subjects behave as expected 
according to acoustic target theolies, while others do not. A possible reason for 
this is that these studies have primarily concentrated on one hypothesized u·ading 
relationship, and subjects who do not utilize this trading relation may be using 
other, unanalyzed trading relations to reduce acoustic valiability. For example, 
Perkell et aL (1993) investigated an hypothesized trading relation between lip 
rounding and tongue body raising for the vowel lui. Three of four subjects showed 
weak trading relations, but the fourth subject showed the opposite pattern. This 
fourth subject may have been using other trading relations that oveiTode the effect 
of the lip rounding/tongue body raising relationship. 
In the current study, we employ analysis procedures that allow us to assess the 
combined effects of multiple articulatory covariances on the valiability of the 
acoustic signal. The Amelican English phoneme /r/ was chosen for this study 
because it has often been associated with relatively large amounts of articulatory 
variability (Alwan, Nar·ayanan, and Raker, 1997; Delattre and Freeman, 1968; 
Espy-Wilson and Boyce, 1994; Hagiwara, 1994, 1995; Ong and Stone, 1997; 
Westbury, Hashi, and Lindstrom, 1995). An interesting feature of this phoneme is 
that the endpoints of the articulatory continuum for /r/ can be analyzed as 
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functionally different articulator configurations that use different pdmary 
articulators (tongue tip vs. tongue dorsum). These endpoints have been 
characterized in the literature as "bunched" (using the tongue dorsum) and 
"retroflexed" (using the tongue tip). At the same time, the primary acoustic cue is 
relatively simple and stable: a deep dip in the trajectory of the third spectral energy 
peak of the acoustic waveform, or third formant frequency (F3) (Boyce and 
Espy-Wilson, 1997; Delattre and Freeman, 1968), and no consistent acoustic 
difference between bunched and retroflexed /r/' s has been discovered. The 
existence of very different atticulator configurations for /r/, often within the same 
subject, is in itself problematic for vocal tract shape target theories, although one 
might still clalm that these different configurations are just rather extreme 
vadations around a single vocal tract shape target. According to this viewpoint, 
the articulatory variability results from incomplete, sloppy, or blended movements 
toward a canonical vocal tract shape target, and trading relations that maintain 
acoustic stability would not be expected. 
2. Methods 
2.1. Data collection 
An electromagnetic midsagittal articulometer (EMMA) system (Perkell et a!., 
1992) was used to track the movement.~ of six small u·ansducer coils attached to 
the tongue, lips, and lower incisor. The current study focused on the positions of 
the three tongue transducers, which are located approximately 1, 2.5, and 5 em 
back from the tongue tip with the tongue in a neutral configuration. Each of seven 
subjects produced 4-6 repetitions of the earlier phrase "Say __ for me" for each 
of the five test utterances /warav/, /wagrav/, /wadrav/, /wavrav/, and /wabrav/. 
Acoustic data were collected simultaneously. The articulatory and acoustic data 
were time-aligned to allow direct compatisons between the two data types. 
2.2. F3 extraction and alignment 
The minimum F3 value duling /r/ production, corresponding to the acoustic 
"center" of /r/, served as a lattdmark for time-alignment of the data across 
utterances for each speaker. Formant tracks were computed for all utterances using 
the ESPS!W AVES formant tracker and a 51.2 ms window and 3.2 ms frame rate. 
The F3 minimum was detected using an automatic procedure that first identified 
all sonorant regions, then located the point of minimal F3 from the relevant 
sonorant regions. F3 values and transducer positions within a 150 ms time window 
centered at the F3 minimum were extracted. Exu·acted F3 traces for some 
utterances ':'ere cmTupted due to technica1 difficu1ties in automatically u·acking 
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low amplitude and low frequency values of F3 after stop consonants. Therefore, 
utterances whose F3 tracks changed by more than 200 Hz in a 3.2 ms time step 
were eliminated from the study, leaving 12 to 27 analyzed utterances per subject. 
2.3. Effect~> of vocal tract shape parameters on F3 
The vocal tract shape for /r/ involves a tongue constriction in the anterior third of 
the tract. We take the resonance of the front cavity to be the third formant 
frequency, F3 (Stevens, 1997). Acoustic theory predicts that the frequency of this 
resonance can be decreased by tongue movements that: (i) Lengthen the front 
cavity and/or (ii) increase the acoustic mass of the oral consttiction behind the 
front cavity by either decreasing the area of the constriction or lengthening the 
consttiction3. The predicted effects of these movements on F3 were confirmed 
using vocal tract area functions derived from structural MIU scans of a speaker 
producing /r/4. Two area functions were deiived: one representing a "bunched" /r/ 
configuration, and one representing a "retroflexed" /r/ configuration. Three 
manipulations were canied out on each area function to test the effects on F3 
predicted from acoustic theory: (i) the tongue consttiction was extended dorsally 
by narrowing the vocal tract area immediately behind the consttiction, (ii) the front 
cavity was lengthened by displacing the tongue constriction dorsally, and (iii) the 
vocal tract area at the tongue constiiction was decreased. For all three 
manipulations, an acoustic signal was synthesized (using S. Maeda's VTCALCS 
program; Maeda, 1990) and compared to the signal synthesized from the miginal 
area function. Each manipulation resulted in a lower F3 in bofh fhe ·bunched and 
reu·oflexed /r/ cases, as expected from the acoustic themy analysis. 
Because all three manipulations act to lower F3, subjects could maintain a 
relatively invariant F3 despite vocal tract shape variations if these var·iations 
involved tradeoffs between the different manipulations. That is, the following 
strategies could be used to maintain a relatively invaiiant F3 across utterances 
while allowing variations in vocal tract shape: (i) a tt·adeoff between consttiction 
length and front cavity length, (ii) a tradeoff between constiiction length and 
constriction area, and (iii) a tt-adeoffbetween front cavity 1engfh and consttiction 
area. 
3. Alti10ugh the direction of ti1e effect on F3 for all of these vocal tract shape manipulations should 
be ti1e same, the magnitude of the effect on F3 will be different for each manipulation. We account 
for this by including the magnitudes of the effects when analyzing the combined acoustic effect of 
these movements; tl1is is done through the A; terms in Equations 1-3 below. 
4. The vocal tract area functions were provided by Abeer Alwan and colleagues from the Electrical 
Engineering Department at tl1e University of California, Los Angeles. 
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2.4. Predicted articulatory covariances 
For tongue configurations during /r/ production, a backward movement of the 
tongue tip transducer generally con·esponds to a lengthening of the front cavity, an 
upward movement of the tongue tip transducer generally corresponds to a decrease 
in the area of the constriction for /r/, and, since the point of maximal constriction 
for /r/ is typically anterior to the tongue back transducer, an upward movement of 
the tongue back transducer gene rail y COITesponds to a lengthening of the tongue 
constriction and possibly a decrease in the area of the constriction. This indicates 
that the three trading relation strategies described above should be evidenced by 
the following a1ticulatory covariances: (i) a positive covariance between tongue 
back height and tongue tip hoiizontal position, (ii) a negative covaiiance between 
tongue back height and tongue tip height, and (iii) a positive covariance between 
tongue tip horizontal position and tongue tip height. Note that the use of all three 
trading relations by a single subject is unlikely given that they impose competing 
constraints; i.e., if tongue back height and tongue tip hoiizontal position are 
positively correlated as in relation (i), and tongue tip horizontal position and 
tongue tip height are positively correlated as in relation (iii), it is very likely that 
tongue back height and tongue tip height will also be positively coiTelated, thus 
violating relation (ii). 
2.5. Analyl!is of articulatory and acoustic variances 
To quantify the combined effects of ruticulatory covruiances on F3 variability, an 
analysis was perfonned using both acoustic and articulatory data to estimate F3 
vruiance as a function of articulatmy vaiiru1ces. The relationship between 
transducer coordinates and F3 during /r/ can be written for each speaker as 
follows: 
N 
F3 =A0 + LA; c;+E ( 1) 
i = 1 
where the A; arc constants, the c; are the u·ansducer coordinates, N is the number 
of transducer coordinates considered in the analysis, and E is a residual tcnn that 
accounts for the effects on F3 due to all other sources, including articulators not 
included in the analysis, measurement errors, and nonlineruities in the relationship 
between F3 and the u·ansducer coordinates. The equation relating F3 variance to 
articulatory vruiances at each point in time is then: 
-------···----
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Var(F3) = 2:>ivar(c;) + Var(E) + 2 I LA;A1Cov(c;, c1) + 2 LA;Cov(c;, E) . (2) 
i<j 
Note that this equality is exact for the measured F3 and transducer coordinates due 
to the inclusion of the E term in the variance calculation. To determine the effects 
of articulatory covariances on F3 variability, we can compare the variance estimate 
of Equation 2 to the following variance estimate that excludes the covariances 
between the analyzed transducer coordinates: 
(3) 
If the F3 variance estimate in the absence of articulatory covariances (Equation 3) 
is significantly larger than the variance estimate including the articulatory 
covariances (Equation 2), we conclude that the primary effect of the articulatory 
covariances is a reduction in the variance of F3. 
Strictly speaking, a comparison of the F3 variance estimates in Equations 2 and 3 
tells us only about the effects of the covariances of the linear component of each 
transducer's relation to F3. However, the relationship between F3 and transducer 
coordinates should be linear near a particular configuration of the vocal tract, since 
F3 is presumably a continuous nonlinear function of the vocal tract area function, 
and such functions are locally linear·. One would further expect that the 
relationship is still approximately linear for the relatively limited range of vocal 
tract configurations utilized by a particular subject for /r/. The linear 
approximations reported below captured approximately 80% of the variance when 
using only three pellet coordinates, providing support for the assertion that the 
primary effect of articulatory covariances on F3 variance can be captured by 
considering only the linear· component of each transducer's relationship to F3. 
Furthermore, the sign of an articulatory covariance's contribution to F3 variance 
depends only on the sign of the corTesponding A; terms, and we are plimarily 
interested in the sign of the combined effects of articulatory covariances on F3 
variance. The expected signs of the A; for tongue back height, tongue front 
horizontal position, and tongue front height can be deduced from acoustic theory 
considerations (Sections 2.3 and 2.4). A; values were estimated for each subject 
using mulip)e linear regression on the acoustic and articulatory data. All 21 
estimated A; values (3 values for each of 7 subjects) were of the sign expected 
from these acoustic theory considerations. 
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3. Results 
3.1. Temporal progression of tongue shapes 
Inspection of the temporal progression of tongue shapes during /r/ indicates that 
contextual shape variations were not simply the result of incomplete (or 
"blended") attempts to reach the same vocal tract shape target, as illustrated by the 
sample tongue movements in Figure I. The tongue position at an instant in time is 
illustrated by a line connecting the positions of the three tongue transducers at that 
instant. Each panel shows the tongue shapes at the acoustic center of /r/ (solid line) 
and 75 ms before and after the acoustic center (dashed lines); dashed arrows 
indicate the progression of the tongue shape through time. The top half of the 
figure shows sample movements from Subject I. This subject used a pronounced 
upward movement of the tongue tip for /r/ in /warav/; this was the most commonly 
used articulation for hi across subjects and contexts. If this movement was aimed 
at a canonical tongue tip target for /r/, then one would expect movements toward 
the same target in different phonetic contexts. For /wagrav/, however, the tongue 
tip is not raised for /r/ even though it starts out well below the tongue tip height for 
lr/ in /warav/. Similarly, Subject 2 (bottom) does not raise the tongue tip for /r/ in 
/wadrav/ even though it is well below the tongue tip height for /r/ in /warav/. 
Similar patterns were seen in other subjects and contexts; e.g., Subjects 6 and 7 
lowered or maintained the height of the tongue tip for /r/ in /wagrav/ even though it 
started out well below the tongue tip height for /r/ in /warav/, and Subject 4 
lowered the tongue tip for /r/ iu /wadrav/ even though it started out well below the 
tongue tip height for /r/ in /wagrav/. 
3.2. Tongue shapes at acoustic center of /r/ 
Figure 2 shows tongue configurations at the F3 minimum of /r/ for each of the 
seven speakers. For each utterance, the three tongue transducer positions are 
connected by a straight line. The tongue configurations for all repetitions in all 
phonetic contexts are supetimposed for each speaker. Thus, the fact that different 
numbers of utterances were analyzed for different subjects and contexts is 
reflected in this figure. As previously repmted elsewhere (e.g., Delattre and 
Freeman, 1968; Hagiwara, 1994, 1995; Ong and Stone, 1997; Westbury, Hashi, 
and Lindstrom, 1995), a wide range of tongue shapes is seen both within and 
across subjects. Also of note is the fact that, althongh most subjects seem to nse an 
approximate continuum of tongue shapes (e.g., S2, S3, S6, and S7), others show a 
more bimodal distribution of tongue shapes (e.g., S4, S5). Guenther eta!. (1997) 
describe how both of these patterns can be accounted for by an acoustic target 
model of phoneme production. Finally, the tongue shapes across subjects appear to 
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Subject 1 
/warav/ 
.. 
··* 
.. ' r~' 
BACK 
Subject 2 
/warav/ 
TIP 
~\ 
\ 
..... --.... \ 
......................... '\ ~ 
..... "'\ .. 
BACK 
... , ,. 
TIP 
/wagrav/ 
, .. ----" 
BACK 
/wadrav/ 
TIP 
lcm 
I I 
1'----- .. ~(/
................ ~ 
BACK TIP 
FIGURE 1. Sample tongue movements indicating that a single tongue tip 
constriction target cannot account for /r/ articulations in different phonetic contexts. 
The tongue position at an instant in time is illustrated by a line connecting th~ 
positions of the three tongue transducers at that instant. Each panel shows the 
tongue shapes at the acoustic center of /r/ (solid line) and 75 ms before and after the 
acoustic center (dashed lines); dashed arrows indicate the progression of the tongue 
shape through time. Subject 1 (top) used a pronounced upward movement of the 
tongue tip for /r/ in /warav/; this was the most commonly used articulation for /n 
across subjects and contexts. If this movement was aimed at a canonical tongue tip 
target for /r/, then one would expect movements toward the same target in different 
phonetic contexts. For /wagrav/, however, the tongue tip is not raised for /r/ even 
though it stljrts out well below the tongue tip height for /r/ in /warav/. Similarly, 
Subject 2 (bottom) does not raise the tongue tip for /r/ in /wadrav/ even though it i> 
well below the tongue tip height for /r/ in /warav/. 
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form an approximate continuum between a bunched configuration (e.g., S6) and a 
retroflexed configuration (e.g., S4). 
Figure 3 shows the midsagittal palatal outline (thick solid line) and mean tongue 
shapes at the time of the F3 minimum for /r/ for each of the seven subjects. For 
each subject, mean configurations from two phonetic contexts (solid and dashed 
lines) are shown to illustrate the range of tongue shapes used by that subject. 
Tongue outlines were created by connecting the average positions of the three 
tongue transducers for a given utterance with a smooth curve. A line was then 
extended downward from the tongue tip transducer position, then forward to the 
lower incisor transducer position, to provide a rough estimate of the relative size of 
the front cavity across contexts5. Also shown in the upper left corner of this figure 
are two sup~imposed, highly schematic vocal tract outlines that illustrate trading 
relations for maintaining a relatively stable F3. The effect on F3 of the longer front 
cavity of the dashed outline is counteracted by the effects of the longer and slightly 
nanower constliction of the solid outline. Similarly, the vocal tract outlines for all 
subjects indicate that shorter front cavity lengths are accompanied by a 
compensating increase in tongue constliction length and/or decrease in the 
consuiction area. Furthermore, the tongue shapes duling /wagrav/ (solid lines) are 
generally much closer in shape to tongue shapes for /g/ than are the /r/ shapes for 
/wabrav/ or /warav/ (dashed lines), suggesting that subjects utilize /r/ 
configurations that are reached relatively easily in the cmrent phonetic context. 
3.3. Articulatory trading relations 
For each subject, Pearson conelation coefficients corresponding to the predicted 
covariances described in Section 2.4 were estimated across utterances at the point 
of F3 minimum and are listed in Table 1. All subjects showed a significant positive 
correlation between tongue back height and tongue tip holizontal position, 
indicative of a trading relation between constriction length and front cavity length. 
Six of seven subjects also showed a second strong trading relation, either between 
consttiction length and constliction area (five subjects) or front cavity length and 
constriction area (one subject). One subject showed only very weak con·elations 
other than the .strong u·ading relation between tongue back height and tongue tip 
holizontal position. 
5. The lower incisor location was not available for Subject 2, so the vocal tract outlines for this 
subject in Figure 3 are based on a lower incisor position estimated from the lower lip position. Fur-
thermore, the palatal trace for this subject was slightly misaligned relative to the tongue transducer 
data. To correct for tltis, the palatal trace for this subject in Figure 3 has been raised approximately 
3 mm relative to the tongue transducer positions. 
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1 em S4 ~ p~ 
Lips ... 
" 
~ 
Sl 
S5 
S2 
S6 
S3 
S7 
FIGURE 2. Tongue configurations at the F3 minimum of /r/ for each of the seven 
speakers. For each utterance, the three tongue transducer positions are connected 
by a straight line. The tongue configurations for all repetitions in all phonetic 
contexts are superimposed for each speaker. 
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I 
~1 
~3 
/ : 
- ------ ' 
BACK FRONT 
S4 
.!.?.CS 
BACK FRONT 
FIGURE 3. Trading relations during /r/ production. The upper left corner shows 
two superimposed, highly schematized vocal tract outlines (dashed and solid lines) 
illustrating trading relations between front cavity length and tongue constriction 
length and area. Also shown are vocal tract outlines that illustrate the range of 
tongue shapes used by each of the seven subjects to produce /r/ in different phonetic 
contexts. Thin solid lines correspond to the tongue shapes for /r/ in /wagrav/ 
(averaged across repetitions), and dashed lines correspond to the /r/ in /wahrav/ or 
/warav/, depending on the subject. Thick solid lines indicate palatal outlines. Each 
outline is formed by connecting the three tongue transducer positions with a smooth 
curve, then projecting downward and forward from the tongue tip transducer to the 
lower incisor transducer. All seven subjects show tradeoffs between the front cavity 
length and the constriction length and/or area when producing /r/ in the two 
different contexts. 
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Table 1. Ar~iculator correlation coefficient~. Significant correlations that are consistent 
with hypothesized trading relations are shown in boldface. TBY = tongue back height, 
TTX = tongue tip horizontal position, TTY = tongue tip height. 
Subject TBY-TTX TBY-TTY TTX-TTY 
1 0.77* -0.76* -0.69* 
2 0.92* -0.69* -0.88* 
3 0.77* -0.74* -0.46 
4 0.86* 0.64* 0.77* 
5 0.64* -0.49* -0.57* 
6 0.55* -0.81 * -0.60* 
7 0.84* 0.05 0.06 
,.~---·---·-----------·-·-···-------
* Statistiqlly significant (p < 0.01). 
3.4. Analysis of acoustic and articulatory variabilities 
The results in Section 3.3 indicate that most subjects utilized two of three 
hypothesized articulatory trading relationships to reduce acoustic variability. 
Furthermore, as described in Section 2.4, it is unlikely or impossible for a subject 
to utilize all three trading relations because they counteract one another. However, 
it is still pos~ible that the significant correlations that violate the trading relations 
could effectively "override" the beneficial articulatory tradeoff's, potentially 
nullifying or even reversing the effect of the utilized trading relations on acoustic 
variability. It is therefore necessary to estimate the net effect of all three 
articulatory covariances, as outlined in Section 2.5. 
F3 variance estimates with and without covariance terms (Equations 2 and 3, 
respectively) were calculated using the tongue back height, tongue tip holizontal 
position, and tongue tip height transducer coordinates. The corresponding F3 
standard deviations were then averaged across subjects. The A, values for each 
speaker were estimated using multiple linear regression across utterances and time 
bins and are provided in Table 2; the value of E for a particular time bin was 
simply the residual of the regression in that time bin. R2 values for the F3 fit 
(without the residual te1m) ranged from 0.75 to 0.85 for the different subjects, with 
an average R2 of 0.79. If covariances are high and the actual effect of an 
articulator'~ position on F3 is very low, the regression analysis can possibly result 
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in estimates of transducer contributions that have the wrong sign, which could in 
turn cause some articulatory covariances to decrease estimated F3 variability when 
in reality they increase or have no significant effect on F3 variability. The fact that 
none of the transducer contlibution estimates produced by the regression were of 
the opposite sign as expected from acoustic theory considerations and the tube 
model analysis indicates that this potential problem did not affect our results. 
Table 2. Regression coefficient..; indicating the relationship between transducer 
<:oordinates and F3. Units ar~ Hz/mm. 
Subject A1 (TBY) A2 (TTX) A3 (TTY) 
1 -27.54 19.38 -33.44 
2 -81.13 92.77 -35.25 
3 -12.28 25.93 -51.50 
4 -11.71 55.14 -56.93 
5 -24.04 21.44 -30.49 
6 -21.68 10.99 -30.95 
7 -46.29 33.71 -31.87 
Figure 4 shows the results as a function of time starting at the F3 minimum for /r/, 
averaged across subjects. (Standard deviations were plotted in place of vruiances 
to produce values whose units ru·e Hz.) Also plotted is the standard deviation 
obtained from measured values of F3 (solid line). When ru·ticulatory covru·iances 
are included, the F3 standard deviation estimates are equal to the measured F3 
standard deviation; this is as expected because of the inclusion of the residual term 
in the variance estimate calculations. When articulatory covmiances are removed 
from the estimates, however, the estimated F3 stm1dm·d deviation increases 
substantially, The dashed line in Figure 4 represents estimated F3 standard 
deviation without covaliances using the three tongue transducer coordinates. 
According to this estimate, then, F3 standard deviation would be 105% higher if 
the motor system did not utilize articulatory tradeoffs. 
The increase in the F3 variance estimate without covariances is seen at the F3 
minimum for all subjects. This suggests that the ambiguous results from previous 
studies may have been at least partly due to analyzing only one atticulatory 
tradeoff at a. time, since in our study no subject used all three hypothesized trading 
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relations, but all subjects showed a net decrease in acoustic variability due to the 
combined effects of the articulatory covariances. Assume, for example, that the 
data listed in each column of Table 1 were the result of an independent research 
study. Researchers investigating the trading relation in column 2 (in which 5 of 7 
subjects used the trading relation) would sharply disagree with researchers 
investigating the trading relation in column 3 (in which only 1 of 7 subjects used 
the trading relation) as to whether or not trading relations are reliably used, and 
both sets of researchers would repott ambiguous results since in neither case do all 
subjects behave in the same way. A much clearer picture has emerged from the 
current study due to the analysis of the combined effects of the articulatory 
covariances. 
Also evident in Figure 4 is a steady decrease with time of the effects of the 
covariance terms on F3 as the /r/ transitions into the following /a!. This decrease, 
evident in six of the seven subjects, is suggestive of a decrease in the use of trading 
relations as vocal tract shape differences across utterances (due to the different 
phonemes pr~ceding /r/ in different utterances) diminish. 
4. Discussion 
Together, thy results in this report paint a clear picture of the speech motor control 
system utilizing systematic tradeoffs between the shapes of different parts of the 
vocal tract to achieve a stable acoustic end while allowing a large amount of 
variation in the positions of individual articulators. This "acoustic target" view of 
the speech production process differs from the traditional view that speech 
production involves some sort of canonical vocal tract shape target for each 
phoneme, such as the locations and degrees of key constrictions in the vocal tract. 
The first piece of evidence against the traditional view is that, although the most 
common moyement for /r/ is an upward and backward movement of the tongue tip, 
thus suggesting a high tongue tip constriction target for /rl according to vocal tract 
shape target themies, the tongue tip movements for /r/ in other phonetic contexts 
are often inconsistent witl1 a high tongue tip target (Section3.1). Although 
unattractive. from the viewpoint of parsimony, one might propose thatsnbjects use 
two different vocal tract shape targets for lr/, choosing between them in different 
phonetic contexts. However, this is only consistent with the tongue shapes across 
contexts for a minority of subjects who show a roughly bimodal disuibution of 
tongue shapes; most subjects instead show an approximate continuum of tongue 
shapes for /r/ across contexts (Figure 2). An acoustic target theory can account for 
both patterns (Guenther et al., 1997). The next piece of evidence for the acoustic 
target viewpoint arises from inspection of the tongue shape extremes for each 
subject, which show clear tradeoffs between the length of the front cavity and the 
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FIGURE 4. Comparison of the measured F3 standard deviation with estimates of 
F3 standard deviation derived from articulator transducer positions, averaged 
across subje~ts. Removal of the articulatory covariance terms results in a much 
higher estim11te of F3 standard deviation, indicating that articulatory covariances 
greatly redu~e acoustic variation. 
length and/or area of the tongue constriction (Figure 3). These tradeoffs would be 
expected to reduce acoustic variability across contexts despite large valiations in 
vocal tract shape and are predicted by acoustic target theories but ru·e not 
accounted for by vocal tract shape target theories. Analysis of atticulatory 
covariances indicates that most speakers use two of three hypothesized atticulatory 
trading relationships to reduce acoustic variability (Section 3.3). Furthermore, the 
use of all three trading relationships is very unlikely given that they counteract 
each other. Finally, analysis of the combined effects of these atticulatory 
covariances indicates that they strongly influence F3 vru·iability across contexts, 
effectively cutting F3 standard deviation in half compared to what it would have 
been without the articulatory covaliances (Section 3.4; Figure 4). 
A likely reason for the use of articulatory tradeoffs is that they can reduce the 
amount of effort required to move the articulators through a set of acoustic targets. 
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For example, the tongue shapes for /r/ in /wagrav/ were generally closer to the 
tongue shapes for /g/ than the tongue shapes for /r/ in other contexts, suggesting 
that, to a first approximation, subjects move to the closest vocal tract shape that 
can be used to produce the appropriate sound in the prevailing phonetic context. 
As discussed in the introduction, a controller that uses an acoustic or auditory 
planning space and a pseudoinverse-style control scheme, such as the DIY A model 
of speech production (Guenther, 1995b, Guenther et al., 1997), possesses this 
propetty. Another desirable property of pseudoinversc-style controllers is that they 
are capable of immediate compensation for constraints on the speech articulators 
such as a bite block. Such compensation occurs automatically; ie., it does not 
require any experience or learning with the constraints. This property is treated at 
length elsew)lere (Guenther, 1994, 1995a,b; Guenther et al., 1997). 
Unlike earlier trading relations studies that repotted mixed results across subjects 
(e.g., de Jong, 1997; Perkell et al., 1993; Perkell, Matthies, and Svirsky, 1994; 
Savaliaux et al. 1995a), the reduction of F3 variability due to articulatory 
covariances was seen at the acoustic center of lrl for all seven subjects in the 
current study. We believe that the following factors contributed to this difference. 
First, the curr-ent study investigated a phoneme known to exhibit a large amount of 
articulatory var·iability across contexts. Such a sound would be expected to exhibit 
stronger trading relations due to the larger overall articulatory valiability. Second, 
the cun·ent study investigated the combined effects of multiple atticulatory 
covar·iances. Although the combined effect of articulatory covariances was a 
reduction of F3 variability in all seven subjects according to the analysis of 
Section 3.4, different subjects used different combinations of the individual 
ar·ticulatory trading relations (Table 1). It is therefore not surplising that in earlier 
studies, which investigated articulatory covariances individually, some subjects 
did not use an hypothesized trading relationship. The results of the cmTent report 
suggest that these subjects may well have used other, unanalyzed trading relations 
that reduced acoustic var·iability. 
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